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SUMMARY

Immune unresponsiveness in HIV-1 infection can result from impaired signals delivered by the
costimulatory CD28-B7 pathway and the altered production of immunoregulatory cytokines, in
particular IL-10, whose production is altered in HIV-1 infection. In this study we investigate IL-10
regulation in T cells and monocytes from HIVþ individuals, and its association with CD28-mediated T
cell proliferation. IL-10 production as analysed in T cell- and monocyte-depleted peripheral blood
mononuclear cells (PBMC), and by intracellular staining at the single-cell level, reveals a defect in IL-
10 production by CD4þ and CD8þ T cells, whereas monocytes constitute the major IL-10-producing
cell type. To investigate the impact of IL-10 on immune responsiveness, CD28-mediated proliferative
responses in HIVþ individuals were correlated with PHA-induced IL-10 production. CD4þ T cells
expressed CD28, yet exhibited markedly reduced CD28-mediated cell proliferation. This CD28-
mediated CD4þ T cell proliferation was found to be inversely associated with the levels of PHA-
induced IL-10 production and could be restored, at least in part, by anti-IL-10 antibodies. These
results suggest that IL-10 production is differentially regulated in T cells and monocytes of HIVþ

individuals, and that IL-10 may have a role in inducing immune unresponsiveness by modulating the
CD28-B7 pathway.
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INTRODUCTION

Infection with HIV-1 produces profound phenotypic and functional
disturbances within the cellular immune system eventually result-
ing in the depletion of CD4þ T cells, severe immunodeficiency and
the development of opportunistic infections [1,2]. The functional
defects in the CD4þ T cells such as loss of proliferative responses
to recall antigens and anti-CD3 antibodies are observed at early
stages even before the depletion of CD4þ T cells [3–5]. The
mechanism of unresponsiveness observed in both CD4þ and CD8þ

T cells has been attributed, at least in part, to the loss of IL-2
production, as proliferative responses to recall antigens can be
enhanced by IL-2 [4–7]. Activation and proliferation of CD4þ T
cells in response to specific antigens requires two signals. The first
signal is provided by interaction of the T cell receptor (TCR) with

an antigen presented in association with the MHC receptor com-
plex. The second signal that is necessary for IL-2 production is
delivered following interaction of CD28, expressed on T cells, with
B7, expressed on antigen-presenting cells (APC) [8]. An imbalance
in the signals delivered to T cells via the TCR, the CD4 co-
receptor, or accessory molecules can lead to anergy and apoptosis.
This has been observed following perturbation of the CD3–TCR
interaction [9] and ligation of CD4 by gp120 prior to TCR
occupancy [10].

Unresponsiveness in HIVþ individuals may also be due to the
impaired signals delivered by the CD28-B7 costimulatory path-
way. The expression of CD28 on CD4þ and CD8þ T cells of HIVþ

individuals is altered [11,12]. The percentage of CD8þ T cells that
express CD28 is significantly decreased and this has been shown to
correlate with stages of disease [12]. Expression of CD28 on CD4þ

T cells infectedin vitro with HIV and CD4þ T cell lines generated
from HIVþ individuals is decreased [13,14]. The inability of
CD8þCD28þ T cells to produce IL-2 may provide evidence for
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a disrupted CD28-B7 pathway [11,15]. Modulation of CD28
expression may thus account for the loss of the cytotoxic and
proliferative capacity of T cells.

The optimal proliferative response to specific antigens may
also depend upon the immunoregulatory cytokines present in the
microenvironment that regulate the CD28-B7 signalling pathway.
IL-10 assumes significance in the regulation of immune responses
as its biological effects are mediated at least in part through the B7
receptors [16] and the MHC class II molecules [17]. IL-10 is
produced by T helper 2 (Th2), Th0, CD8þ T cells and monocytes
and functions to inhibit cellular immune responses by inhibiting
cytokine production by Th1 cells, T cell proliferation and mono-
cyte functions [17–19]. It has been shown to induce immune
unresponsiveness bothin vitro and in vivo [20,21]. Regarding its
role in HIV immunopathogenesis, IL-10 has been shown to inhibit
HIV replication in vitro [22,23]. Increased IL-10 production by
phytohaemagglutinin (PHA)-stimulated peripheral blood mono-
nuclear cells (PBMC) from HIVþ individuals has been shown in
one study to be inversely associated with IL-2 production follow-
ing stimulation with recall antigens [24]. However, other studies
have shown that PHA-stimulated PBMC from HIVþ individuals
produced varying levels of IL-10 [25–34]. We hypothesized that
varying levels of IL-10 produced in response to antigen/mitogen
may influence immune responsiveness by modulating CD28-
mediated proliferative signals. The present investigations were
therefore conducted to study the regulation of IL-10 by T cells
and monocytes of HIVþ individuals. The effect of IL-10 produced
in response to PHA on immune responsiveness was evaluated by
measuring the CD28-mediated proliferative responses of CD4þ

mononuclear cells, and this proliferation was correlated with PHA-
induced IL-10 production in HIV-infected individuals.

MATERIALS AND METHODS

Collection of blood samples, PBMC isolation, cell culture and
reagents
Blood was obtained for isolation of PBMC from healthy adult
volunteers and HIVþ individuals with CD4þ T cell counts
<625 cells/ml. Blood samples were collected following approval
of the protocol by the Ethics Review Committee of the Ottawa
General Hospital (University of Ottawa, Canada). None of the
patients had received therapy with protease inhibitors and they did
not have clinical evidence of acute infection during the course of
specimen collection. PBMC were isolated by density gradient
centrifugation using Ficoll–Hypaque (Pharmacia, Uppsala,
Sweden) as described elsewhere [35]. The cell layer consisting
mainly of mononuclear cells was collected and washed three times
and resuspended in PBS at a concentration of 2×106 cells/ml. All
cells including PBMC were cultured in complete Iscove’s modified
Dulbecco’s medium (IMDM; Sigma Chemical Co., St Louis, MO)
supplemented with 10% fetal calf serum (FCS; GIBCO Labs, Grand
Island, NY), 100 U/ml penicillin, 100mg/ml gentamicin, 10 mM
HEPES and 2 mM glutamine. Neutralizing anti-IL-10 antibodies
were purchased from R&D Systems (Minneapolis, MN). Recom-
binant human IL-12 was kindly provided by Dr M. Gately
(Hoffmann-LaRoche, Nutley, NJ).

Isolation of CD4þ mononuclear cells (T cells and monocytes)
CD4þ mononuclear cells were isolated from PBMC by positive
selection using anti-CD4 antibody-coated immunobeads (Dynal,

Lake Success, NY), as described previously [26,36]. Briefly,
PBMC were incubated with immunobeads at a bead:target cell
ratio of 4:1 at 48C with gentle rotation for 20 min. The cells
attached to the immunobeads were washed six times and separated
using a magnetic field. CD4þ T cells and monocytes bound to the
immunobeads were detached by Detachabeads (Dynal) as
described by the manufacturer. Briefly, cells were resuspended at
a concentration of 5×106/100ml of culture medium with 1 U of
CD4 Detachabeads for 1 h at room temperature. The detached cells
were separated from the beads with a magnet followed by washing
three times with IMDM containing 1% FCS. The detached cells
were subsequently analysed for the presence of CD4þ and CD8þ T
cells, monocytes and natural killer (NK) cells and B cells by flow
cytometric analysis using FITC-conjugated anti-CD4 antibodies,
FITC-conjugated anti-CD8 antibody, FITC-conjugated anti-CD14
antibody and PE-conjugated anti-CD16/anti-CD56 antibodies (all
from Becton Dickinson, Mountain View, CA), and Quantum Red-
conjugated anti-CD19 antibody (Sigma), respectively. There were
<2% B cells or NK cells in the purified CD4þ mononuclear cell
population (data not shown).

Depletion of T cells and monocytes from PBMC
PBMC were depleted of T cells and monocytes by using anti-CD2
antibody- and anti-CD14 antibody-coated immunobeads (Dynal),
respectively, as described elsewhere [26,36]. Briefly, PBMC were
incubated with the immunobeads at a bead:target cell ratio of 10:1
with gentle rotation for 40 min. The cells attached to the beads
were washed once and separated with a magnetic field. The
unbound cells were washed and analysed for T cells, B cells and
monocytes by flow cytometric analysis with FITC-conjugated anti-
CD3 antibody, PE-conjugated anti-CD20 antibody (all from
Becton Dickinson), and FITC-conjugated anti-CD15 antibody
(Caltag, San Francisco, CA), respectively. T cell-depleted PBMC
contained<2% T cells. Alternatively, monocytes and NK cells
were removed byL-leucine-methyl ester (L-LME) as described
elsewhere [37]. Briefly, PBMC (3×106 cells/ml) were treated with
0·05% L-LME in serum-free medium at room temperature for
30 min. L-LME was neutralized by the addition of FCS at a final
concentration of 10%. The cells were washed three times and
analysed for monocytes by flow cytometry. L-LME-treated PBMC
contained<2% monocytes.

Measurement of cell proliferation
CD4þ mononuclear cells (2×104 cells/ml) were stimulated with
anti-CD28 antibodies at a final dilution of 1:100 (CLB-CD28;
Research Diagnostics, Inc., Flanders, NJ) and suboptimal concen-
trations of PHA-M (GIBCO; 1:200 final dilution) for 2 days. The
cells were pulsed with 0·5mCi 3H-thymidine (Amersham, Arling-
ton Heights, IL) and cultured for a further 16 h followed by cell
harvest and measurement of3H-thymidine incorporation. Stimula-
tion index (SI) was calculated as the ratio of3H-thymidine
incorporation (ct/min) by cells stimulated in the presence of anti-
CD28 antibodies and PHA to that of cells stimulated with PHA
alone.

Cell stimulation and collection of culture supernatant
To determine the ability of PBMC from HIVþ individuals to
produce IL-10, cells were cultured at a concentration of
2×106 cells/ml in 24-well tissue culture plates (Falcon Labware,
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Oxnard, CA). PBMC were stimulated with either PHA (GIBCO) at a
final dilution of 1:50 or lipopolysaccharide (LPS; Sigma) at a
concentration of 1mg/ml. The supernatants were harvested after
24, 48 and 72 h and frozen at –708C. Initial kinetics experiments
demonstrated that peak levels of IL-10 were produced after 48 h of
cell culture (data not shown), and therefore in subsequent experi-
ments IL-10 production was assayed after 48 h of culture. Super-
natants were thawed once at the time of analysis of cytokine
production by ELISA. Thawing of supernatants once did not
influence measured cytokine concentration.

Measurements of IL-2, IL-10 and IL-12 by ELISA
IL-10 and IL-12 were measured by a sandwich ELISA assay using
two different MoAbs that recognize distinct epitopes, as described
previously [26,36]. Recombinant human IL-10 (R&D Systems)
and IL-12 (Hoffman-LaRoche) were used as standards. The
sensitivity of the IL-10 and IL-12 ELISA was 8 pg/ml. IL-10
stimulation index (IL-10 SI) was defined as the ratio of IL-10
levels (pg/ml) produced by PHA-stimulated PBMC to IL-10 levels
produced by unstimulated PBMC. IL-2 was measured by ELISA
using a commercially available kit obtained from R&D Systems, as
described by the manufacturer. The sensitivity of the assay was
16 pg/ml.

Measurement of IL-10 production by CD4þ and CD8þ T cells and
monocytes at the single-cell level
Intracellular staining of CD4þ, CD8þ T cells and CD15þ mono-
cytes for IL-10 was performed as described [27]. Preliminary
experiments suggested that optimal levels of intracellular IL-10
were detected after 36 h of cell stimulation with PHA. PBMC were
cultured in medium alone or with PHA (1:50 final dilution) for 36 h
at a concentration of 2×106 cells/ml. Brefeldin A (Sigma; 5mg/ml
final concentration) was added to the cultures 4 h before staining
with anti-IL-10 antibodies to block the intracellular transport
processes within the cells. The cells were harvested and washed
in staining buffer (PBS without Ca2þ or Mg2þ containing 1% FCS
and 0·1% NaN3). Fc receptors were blocked by incubation with
aggregated human gamma globulins at 48C for 15 min. Cells were
stained with Quantum Red-labelled anti-CD4 and anti-CD8 anti-
bodies (Sigma), and FITC-labelled anti-CD15 antibodies (Caltag)
for 30 min at 48C followed by washing of cells twice with staining
buffer. The cells were fixed with 100ml of fixation buffer (4%
paraformaldehyde in PBS) for 20 min at 48C followed by two
washes in permeabilization buffer (0·1% saponin (Sigma) in
staining buffer). The cells were resuspended in the permeabiliza-
tion buffer and stained with PE-labelled anti-IL-10 antibody
(Pharmingen, San Diego, CA) at 48C for 30 min. The appropriate
negative controls were used including isotype-matched PE-
labelled antibody of irrelevant specificity, and PE-labelled anti-
IL-10 antibody preincubated with purified recombinant IL-10 for
30 min at 48C. Cells were protected from light throughout
the staining procedure and storage. The cells were analysed by
three-colour cytometric analysis using a flow cytometer (Coulter
Electronics, Hialeah, FL). CD4þ, CD8þ, IL-10þ T cells and
CD15þ, IL-10þ monocytes were gated and subjected to histogram
analysis. The results from samples obtained and analysed at
different times were compared following standardization of the
instrument using Standard Brite flow cytometric fluorescence
intensity standardization beads, as described by the manufacturer
(Coulter).

Analysis of CD28 expression on CD4þ and CD8þ T cells by flow
cytometry
Cells were washed once with PBS/0·05% NaN3, distributed into
flow cytometry tubes (Sarstedt, Numbrecht, Germany) and stained
with 5ml of FITC-labelled anti-CD28 antibody (Becton Dickinson)
and either Quantum Red-conjugated anti-CD4 or anti-CD8 anti-
bodies (Sigma) for two-colour flow cytometric analysis. Autofluor-
escence and isotype controls (IgG2a for anti-CD28 antibodies
(Becton Dickinson) and IgG2b for anti-CD4 antibodies (Pharmin-
gen)) were also included (data not shown). Using a Coulter Flow
Cytometer, 5000 events were counted. The data were acquired on
an Excel flow cytometer (Coulter Electronics), saved as list modes
and the percentages of CD4þ and CD8þ T cells that expressed
CD28 were calculated.

Statistical analysis
Means were compared by the two-tailed Student’st-test. The
results were expressed as mean6 1 s.e.m.
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Fig. 1. (a). Production of IL-10 by phytohaemagglutinin (PHA)-stimulated
peripheral blood mononuclear cells (PBMC) from HIVþ and HIV– indivi-
duals. PBMC from 37 HIVþ and 16 HIV– individuals were cultured at a
concentration of 2×106/ml for 48 h with PHA (1:50 final dilution) and
supernatants were collected and assayed for IL-10 production by ELISA.
IL-10 levels are reported as pg/ml (mean6 s.e.m.). PBMC from HIVþ

individuals were stratified into low IL-10 producers (IL-10 stimulation
index (SI)<4) and IL-10 producers (IL-10 SI>4). (b) Production of IL-2,
IL-10 and IL-12 by PBMC from HIVþ low IL-10 producers and HIV–

normal controls. PBMC from 15 HIVþ low IL-10 producers were stimu-
lated with PHA and analysed for IL-10 (IL-10-PHA) and IL-2 production
(IL-2-PHA). PBMC from these patients were also stimulated with lipopo-
lysaccharide (LPS) (1mg/ml) and analysed for IL-10 (IL-10-LPS) and IL-12
(IL-12-LPS) production. The levels of IL-2, IL-10, and IL-12 are reported
as pg/ml (mean6 s.e.m.).



RESULTS

IL-10 production by PBMC of HIVþ individuals following PHA
stimulation
We have previously demonstrated that PBMC from HIVþ

individuals spontaneously produce IL-10 as determined by both
semiquantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis and ELISA [25]. Similar results were obtained
in this study showing high levels of IL-10 production by unstimu-
lated PBMC of HIVþ individuals compared with that produced by
HIV – individuals (31·486 2·1 pg/ml versus 10·16 2·5 pg/ml;
P< 0·005; Fig. 1a). To determine IL-10 production following
mitogen stimulation, PBMC from 37 HIVþ individuals (CD4þ T
cells/ml range, 100–625) and 16 HIV– controls were stimulated
with PHA for 48 h and the supernatants were analysed for IL-10
production by ELISA. PHA-stimulated PBMC from HIVþ indivi-
duals produced significantly lower levels of IL-10 compared with
the HIV– controls (334·556 69·02 pg/mlversus563·186 90·9 pg/
ml; P< 0·005). Based on the levels of IL-10 production, two
subsets of HIVþ individuals were identified irrespective of
their CD4þ T cell numbers. PBMC from one subset of HIVþ

individuals, designated as IL-10 producers (n¼ 19), produced
levels of IL-10 (564·16 111·7 pg/ml; mean of IL-10 SI¼ 23·2)
comparable to that produced by PBMC from HIV– controls
(563·186 90·9 pg/ml; mean of IL-10 SI¼ 31·28). In contrast,
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Fig. 2. Effect of monocyte (a) and T cell (b) depletion from peripheral
blood mononuclear cells (PBMC) of HIVþ and HIV– individuals on IL-10
production following stimulation with phytohaemagglutinin (PHA). PBMC
from six HIVþ and six HIV– individuals were depleted of either T cells or
monocytes by using anti-CD2 conjugated immunobeads and byL-leucine-
methyl ester (L-LME) treatment, respectively. The depleted and undepleted
PBMC were stimulated with PHA for 2 days and supernatants were
analysed for IL-10 production by ELISA. The results from two representa-
tive HIVþ and one HIV– individual are shown.
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Fig. 3. Analysis of IL-10 expression by T cells and monocytes of HIVþ and HIV– individuals by intracellular staining. Peripheral blood
mononuclear cells (PBMC) (2×106 cells/ml) from six HIVþ and five HIV– individuals were stimulated with phytohaemagglutinin (PHA) for
36 h and analysed for IL-10 production at the single-cell level by intracellular staining using three-colour flow cytometry as described in
Materials and Methods. CD4þ and CD8þ T cells (stained with Quantum Red-labelled anti-CD4 and anti-CD8 antibodies) and CD15þ

monocytes (stained with FITC-labelled anti-CD15 antibodies) were analysed for IL-10 expression (counter-stained with PE-labelled anti-IL-
10 antibodies). Results of IL-10 expression by CD4þ and CD8þ T cells (a) and CD15þ monocytes (b) of one representative HIVþ and HIV–

individual are shown. Medium and PHA indicate unstimulated and PHA-stimulated cells, respectively. Unstimulated cells were also stained
with isotype-matched antibody of irrelevant specificity and exhibited similar patterns of staining as for PHA-stimulated cells (data not shown).



PBMC from a second subset of HIVþ individuals (n¼ 18),
designated as low IL-10 producers, produced significantly lower
levels of IL-10 compared with the HIV– individuals (92·246
7·7 pg/ml; mean of IL-10 SI¼ 2·3, versus563·186 90·9 pg/ml;
mean of IL-10 SI¼ 31·28;P <0·001; Fig. 1a). An arbitrary value
of IL-10 SI >4 was chosen to differentiate IL-10 producers from
low IL-10 producers.

Down-regulation of IL-10 production by PHA-stimulated
PBMC from the low IL-10 producers may be attributed to the
general impairment of T cells and monocytes. This was examined
by analysis of IL-2, IL-10 and IL-12 production following stimula-
tion of PBMC with either PHA or LPS. PBMC from 15 HIVþ

individuals (CD4þ T cells/ml range, 131–480) that produced very
low or undetectable levels of IL-10 (19·276 31·58 pg/ml) pro-
duced levels of IL-2 following PHA stimulation
(705·816 477·02 pg/ml) and IL-12 following LPS stimulation
(379·726 72·2 pg/ml; Fig. 1b) that were comparable to the levels
produced by PBMC from HIV– individuals (IL-2,
516·36 154·01 pg/ml; and IL-12, 525·526 156·61 pg/ml;
n¼ 10). However, PBMC from these individuals produced sig-
nificantly lower levels of IL-10 compared with that produced by
HIV – individuals following LPS stimulation (438·36 75·98 pg/ml
versus 14516 186·7 pg/ml; P<0·001; Fig. 1b). In contrast,
PBMC from 19 HIVþ IL-10 producers (CD4þ T cells/ml
range, 123–492) produced significantly low levels of IL-2
compared with that produced by HIV¹ individuals (296·96
101·5 pg/mlversus516·36 154·01 pg/ml;n¼ 10; P<0·005) fol-
lowing PHA stimulation. Moreover, PBMC from these individuals
produced high levels of IL-10 following LPS stimulation that were
comparable to that produced by HIV– individuals (1498·386
306·66 pg/mlversus14516 186·7 pg/ml;P> 0·05). These results
suggest a down-regulation of IL-10 production by T cells of low
IL-10 producers, as PHA-stimulated PBMC from these individuals
produced IL-2 that was comparable to that produced by HIV–

individuals.

Down-regulation of IL-10 production by T cells of HIVþ indivi-
duals
To analyse the source of IL-10 production in PBMC from HIVþ

individuals showing levels of IL-10 comparable to HIV– controls,
PBMC from six HIVþ individuals and six HIV– controls were

depleted of either T cells or monocytes and stimulated with PHA.
Following T cell depletion, IL-10 production was reduced by 70–
80% in HIV– controls, whereas significant differences in IL-10
production were not observed between T cell-depleted and unde-
pleted PBMC of HIVþ individuals. In contrast, monocyte deple-
tion reduced IL-10 production by 70–80% in both HIV– and HIVþ

individuals. IL-10 production from PBMC of two representative
HIVþ and one HIV– individual following depletion of either
monocytes or T cells is shown in Fig. 2a and b, respectively.
These results suggest that T cells do not play a critical role in PHA-
induced IL-10 production in HIVþ IL-10 producers, while mono-
cytes may represent the major source of IL-10 in this subset of
HIVþ individuals. Furthermore, IL-10 production in HIV– indivi-
duals required the presence of both T cells and monocytes, whereas
monocytes from HIVþ individuals appear to be capable of
producing IL-10 in the absence of T cell-mediated signals.

IL-10 expression was directly determined by intracellular
staining and multiparameter flow cytometric analysis of individual
IL-10-producing CD4þ T cells, CD8þ T cells and CD15þ mono-
cytes within unseparated PBMC populations. PBMC from six
HIVþ IL-10 producers and five HIV– individuals were stimulated
with PHA for 36 h and stained for CD4, CD8 and CD15 cell surface
antigens followed by counterstaining for intracellular IL-10 as
described in Materials and Methods. PHA stimulation of PBMC
from HIV– individuals induced IL-10 expression in both T cells
and monocytes. Similar stimulation of PBMC from HIVþ

individuals induced IL-10 expression in monocytes but not in
CD4þ and CD8þ T cells. IL-10 expression in T cells and
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Table 1.Expression of CD28 on CD4þ and CD8þ T cells from HIVþ and
HIV¹ individuals

Percentage of T cells that express CD28
(mean6 s.e.m.)

Cell subsets HIVþ individuals HIV¹ individuals P

CD4þ 81·956 4·8 97.076 1·92 <0·07
CD8þ 30·986 3·96 54.366 3·8 <0·004

Peripheral blood mononuclear cells (PBMC) from 16 HIVþ and five
HIV¹ individuals were double-stained with FITC-labelled anti-CD28
antibodies and either Quantum Red-labelled anti-CD4 antibodies or Quan-
tum Red-labelled anti-CD8 antibodies. Percentage of CD28-expressing
CD4þ T cells was calculated as a ratio of CD4þCD28þ cells to that of
CD4þ lymphocytes. Similarly, the percentage of CD28þCD8þ T cells was
calculated as a ratio of CD8þCD28þ cells to that of CD8þ lymphocytes.
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Fig. 4. Proliferative response of CD4þ mononuclear cells (CD4þ T cells
and monocytes) from peripheral blood mononuclear cells (PBMC) of HIVþ

and HIV– individuals in response to suboptimal concentrations of phyto-
haemagglutinin (PHA) and anti-CD28 antibodies. CD4þ cells from PBMC
of four HIVþ (HIV-1 to HIV-4) and two HIV– (N-1 and N-2) individuals
were stimulated with a suboptimal concentration of PHA (1:200 final
dilution) and anti-CD28 antibodies (1:100 final dilution) followed by
measurement of cell proliferation by3H-thymidine incorporation.B,
Cells stimulated with a suboptimal concentration of PHA alone;A, cells
stimulated with a suboptimal concentration of PHA and anti-CD28 anti-
bodies.



monocytes from one representative HIV– and IL-10-producing
HIVþ individual is shown in Fig. 3a and b, respectively. CD15þ

monocytes from low IL-10 producers exhibited a defect in IL-10
induction following PHA stimulation (data not shown). A consis-
tent increase in IL-10 expression in CD15þ monocytes of HIVþ

individuals following stimulation with LPS was also observed
(data not shown). These results suggest that CD4þ and CD8þ T
cells from HIVþ individuals exhibited a defect in IL-10 production
following activation. CD15þ monocytes from low IL-10 producers
also exhibited a defect in IL-10 induction following PHA stimula-
tion, but retained the ability to induce IL-10 expression following
LPS stimulation.

Loss of CD28-induced proliferative responses in HIVþ individuals
IL-10 production during HIV infection has been shown to be
inversely correlated with IL-2 production and T cell proliferation
in response to recall antigens, alloantigens and mitogens [24,26].
Since IL-2 production and T cell proliferation require costimula-
tory signals delivered by the CD28-B7 pathway [8,38], modulation
of the expression of CD28 on CD4þ T cells or modulation of
CD28-induced signals by immunoregulatory cytokines such as
IL-10 may influence T cell proliferation. We therefore undertook
studies to investigate CD28 expression on CD4þ and CD8þ T
cells, CD28-induced proliferative signals, and to correlate this with
IL-10 production. To analyse the expression of CD28 on CD4þ and
CD8þ T cells by two-colour flow cytometry, PBMC from 16 HIVþ

and five HIV– individuals were double-stained with FITC-labelled
anti-CD28 antibodies and either Quantum Red-labelled anti-CD4

or anti-CD8 antibodies. The percentages of CD4þ T cells and
CD8þ T cells that expressed CD28 are shown in Table 1. In HIVþ

individuals, most CD4þ T cells expressed CD28, though the
percentage of CD4þ T cells that expressed CD28 receptors was
moderately decreased (81·956 4·80%) compared with HIV– indi-
viduals (97·076 1·92%, P<0·07). Furthermore, there was no
difference in the fluorescence intensity (MCF) of CD28 expressed
on CD4þ T cells from HIVþ and HIV– individuals (data not
shown). In contrast, the percentage of CD8þ T cells that expressed
CD28 was significantly decreased in HIVþ individuals compared
with HIV – controls (Table 1).

Although most CD4þ T cells in HIVþ individuals express
CD28, these cells may exhibit defects in the CD28 signalling
pathway. To assess CD28-induced proliferative signals in CD4þ T
cells, CD4þ mononuclear cells were stimulated with a suboptimal
concentration of PHA (1:200 final concentration) in the presence or
absence of anti-CD28 antibodies. Since CD28-mediated prolifera-
tive signal is a non-specific costimulatory signal, CD4þ T cells
must be preactivated for eliciting proliferative responses by anti-
CD28 antibodies. Therefore, very low concentrations of PHA were
used in these experiments to induce activation of CD4þ T cells
without causing proliferation, and to amplify the proliferative
effects of anti-CD28 antibodies. Addition of anti-CD28 antibodies
alone did not influence T cell proliferation (data not shown).
However, addition of anti-CD28 antibodies in the presence of
the suboptimal concentration of PHA induced an approx. 50-fold
increase in3H-thymidine incorporation by CD4þ cells compared
with cell proliferation by PHA alone in HIV– individuals. Anti-
CD28 antibody-induced proliferation of CD4þ cells from HIVþ

individuals was markedly impaired compared with the HIV–

controls. Figure 4 shows CD28-induced proliferation of CD4þ

cells in four representative HIVþ and two HIV– individuals.

Correlation of CD28-induced proliferation with the levels of IL-10
production
CD4þ cells from a total of 35 HIVþ individuals were stimulated
with anti-CD28 antibodies in the presence and absence of sub-
optimal concentrations of PHA. Simultaneously, PBMC were also
stimulated with optimal concentrations of PHA (1:50 final con-
centration) and the levels of IL-10 in the supernatants were
analysed by ELISA. The cell proliferation SI was correlated
with the IL-10 SI of HIVþ low IL-10 producers (IL-10 SI< 4)
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Fig. 5. Correlation of IL-10 production by phytohaemagglutinin (PHA)-
stimulated peripheral blood mononuclear cells (PBMC) from HIVþ low IL-
10 producers and IL-10 producers with proliferative responses of CD4þ

mononuclear cells to anti-CD28 antibodies and PHA. CD4þ mononuclear
cells (2×104/ml) from HIVþ individuals were stimulated with suboptimal
concentrations of PHA and anti-CD28 antibodies and cell proliferation was
measured as described in the legend to Fig. 6. PBMC from the same HIV-
infected individuals were simultaneously stimulated with PHA (1:50 final
dilution) for 48 h and supernatants were analysed for IL-10 production. The
cell proliferation stimulation index (SI; ratio of3H-thymidine incorporation
in the presence of PHA and anti-CD28 antibodies to that observed in the
presence of PHA alone) was correlated with the levels of IL-10 SI (ratio of
the levels of IL-10 produced following stimulation with PHA to that
produced by unstimulated PBMC) in low IL-10 producers (IL-10 SI<4)
and IL-10 producers (IL-10 SI>4).����

12.00

9.60

7.20

4.80

2.40

0.00

3
H

-T
d

R
 i
n

c
o

rp
o

ra
ti

o
n



(c
t/

m
in

) 
(×

1
0

3
)

HIV-8 HIV-9

P

P+aCD28

P+aCD28+

aIL-10

Fig. 6. Effect of anti-IL-10 antibodies on the CD28-induced proliferative
responses of CD4þ mononuclear cells. CD4þ mononuclear cells from
HIVþ low IL-10 producers were stimulated with suboptimal concentrations
of phytohaemagglutinin (PHA) and anti-CD28 antibodies in the presence of
anti-IL-10 antibodies (10mg/ml). Cells were pulsed with3H-thymidine after
48 h of culture followed by measurement of3H-thymidine incorporation
16 h later. Results from two representative HIVþ individuals are shown.



and of IL-10 producers (IL-10 SI> 4). The results show that CD28-
induced proliferation of CD4þ cells was significantly reduced in
the group of IL-10 producers compared with that of low IL-10
producers (cell proliferation SI 29·46 8·13 in low IL-10 producers
versus 7·696 2·77 in IL-10 producers;P<0·018, Fig. 5). To
determine whether endogenously produced IL-10 influences anti-
CD28 antibody-induced proliferation, CD4þ cells from five HIVþ

low IL-10 producers were stimulated with suboptimal concentra-
tions of PHA and anti-CD28 antibodies in the presence of anti-IL-
10 antibodies. Addition of anti-IL-10 antibodies enhanced CD28-
induced proliferative responses of CD4þ cells. The isotype-
matched antibodies of irrelevant specificity, and anti-IL-4 anti-
bodies used in this assay system did not enhance cell proliferation
(data not shown). The results of cell proliferation from two
representative HIVþ individuals are shown in Fig. 6. An increase
in cell proliferation following addition of anti-IL-10 antibodies is
deemed significant, keeping in view the very low numbers of
CD4þ cells (2×104/well) used in this assay system. Furthermore,
anti-IL-10 antibodies did not restore the cell proliferation in HIVþ

IL-10 producers (data not shown).

DISCUSSION

In this study, we demonstrate differential production of IL-10 by T
cells and monocytes from HIVþ individuals. CD4þ and CD8þ T
cells exhibited a specific defect in IL-10 production, whereas
monocytes constitute the major cell type that produce IL-10. The
results also suggest that CD4þ T cells from HIVþ individuals
deliver impaired CD28-mediated proliferative signals. The major-
ity of CD4þ T cells from HIVþ individuals expressed CD28, yet
exhibited significantly reduced CD28-mediated cell proliferation.
This CD28-mediated CD4þ T cell proliferation was found to be
inversely associated with the levels of IL-10 produced following
PHA stimulation and proliferative responses could be restored, at
least in part, by anti-IL-10 antibodies.

We confirm our previous observations and those of others
which suggest that unstimulated PBMC from HIVþ individuals
produce high levels of IL-10 compared with that produced by
HIV – individuals [25,28]. However, different investigators have
reported variable results for IL-10 secretion following PHA sti-
mulation of PBMC from HIVþ individuals. Shearer and coworkers
have shown enhanced IL-10 production [24], whereas other studies
have demonstrated that IL-10 production either remains unaltered
[29,31,33,34] or is decreased [27,32]. The possible explanations
for this discrepancy may include the selection of patients in the
study group, use of anti-retroviral therapy, mode of cell activation
and the virus strain. Consistent with our earlier results [26], we
have stratified HIVþ individuals into low IL-10 producers and IL-
10 producers following stimulation of PBMC with PHA. Loss of
IL-10 production in low IL-10 producers was not due to the general
impairment of T cells and monocytes, as PBMC from these patients
produce IL-2 following PHA stimulation. Down-regulation of IL-10
production in T cells was demonstrated by intracellular staining of
IL-10 at the single-cell level and in T cell depletion studies. To
our knowledge, this is the first study demonstrating markedly reduced
IL-10 production by T cells of HIVþ individuals. Similar results
showing down-regulation of IL-10 production by CD4þ T cells were
obtained in symptomatic rhesus monkeys infected with simian
immunodeficiency virus (SIV) [39].

Decrease in IL-10 production by T cells following infection of
PBMC from HIV– individuals was not observed by either ELISA

or intracellular staining (data not shown). This may be due to the
cytopathic effect of the virus on IL-10-producing Th0/Th2 cells
[30], as infected PBMC did not survive for a prolonged time.
Alternatively, culture conditions of PBMC infectedin vitro with
HIV may not mimic thein vivo microenvironment, and prolonged
exposure to HIV antigens may be necessary to influence IL-10
production. The source of IL-10 production in HIVþ IL-10
producers was within the CD15þ monocytes, as depletion of T
cells did not influence IL-10 production. Decreased IL-10 produc-
tion in low IL-10 producers in response to PHA suggests a defect in
IL-10 production by monocytes in this subset of HIVþ individuals.
However, stimulation of PBMC with LPS induced IL-10 produc-
tion, and intracellular staining of CD15þ monocytes for IL-10
demonstrated that monocytes retain the ability to produce IL-10.
Consistent with results from other laboratories [23,40,41],in vitro
infection of monocytes from HIV– individuals, and of a monocytic
cell line with HIV enhanced IL-10 production (data not shown).
The mechanism by which IL-10 production following HIV infec-
tion is differentially regulated in T cells and monocytes may be
attributed to the altered production of immunoregulatory cyto-
kines. It is also likely that HIV antigens tat, nef, gp120 or other
HIV antigens may differentially regulate IL-10 in T cells and
monocytes. HIV antigens tat and nef down-regulate the expression
of several cellular genes including the cytokine genes [42–44]. The
role of HIV antigens and/or cytokines in inhibiting IL-10 produc-
tion by T cells at the transcriptional or post-transcriptional level
remains to be determined.

IL-10 has been associated with the immunopathogenesis of a
number of diseases, including septic shock, lymphoproliferative
disorders, autoimmune diseases and AIDS [17,45,46]. It has been
shown to induce immune unresponsiveness bothin vitro and in
vivo [20,21] and inhibits HIV replication in cells of monocyte
lineage [22,23]. High levels of IL-10 produced by unstimulated
and antigen/mitogen-stimulated PBMC may, thus, negatively
regulate HIV replication. Spontaneous production of IL-10 by
unstimulated PBMC from HIVþ individuals may also contribute
to the defective antigen/recall responses and immunological
unresponsiveness/immune suppression. The mechanism by which
IL-10 induces immunosuppression has been attributed in part to its
inhibitory effects on the synthesis of cytokines such as IL-2, IL-12
and interferon-gamma (IFN-g) [17–19,47] and inhibiting B7.2
expression on APC [16,48]. Increased expression of IL-10
[23,40,41] and decreased production of IL-12 by monocytes of
HIVþ individuals [28,31] may induce immune unresponsiveness
by inhibiting the CD28-B7 pathway, as IL-10 and IL-12 mediate
their biological effects by regulating the CD28-B7 pathway
[16,49]. The inverse correlation of IL-10 production with prolif-
erative responses to anti-CD28 antibodies and the observation that
anti-IL-10 antibodies enhance CD28-mediated proliferation sug-
gest that IL-10 exerts immunosuppressive effects by inhibiting the
CD28-B7 pathway in HIV infection. The fact that this enhanced
proliferation was not comparable to CD28-induced proliferation of
CD4þ T cells of HIV– individuals suggests the involvement of
other factors such as altered cytokine production (IL-2, IL-12, etc.)
or the expression of their receptors, and apoptosis.

CD28-induced proliferation of CD4þ T cells is reduced in
HIVþ individuals, though most CD4þ T cells express CD28,
indicating impaired CD28-mediated proliferative signals in CD4þ

cells. Whether CD8þ T cells exhibit impaired CD28-induced
proliferation remains to be investigated. The mechanism for
impaired CD28-induced proliferation in HIV infection is not
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well understood but may be attributed to the impaired regulation of
B7 expression on APC. We have observed that expression of B7
expression on either B cells or monocytes is not altered in HIVþ

individuals. However, regulation of B7 expression on monocytes
by IL-10 is impaired (Kumaret al., manuscript submitted). The
effect of HIV infection on CD28-B7-mediated signalling pathway
in T cells remains controversial. A defective CD28-mediated
signalling pathway as indicated by altered cellular levels of fyn
and lck tyrosine kinases in anti-CD28 antibody-stimulated T cells
in HIV infection has been suggested [50]. In contrast, Meyaard
et al. have suggested that CD28 costimulation remains normal in
HIV infection [51]. Loss of CD28-mediated proliferative signals in
T cells may have implications with respect to apoptosis [52], the
development of T helper responses [53–55] and virus replication
[56,57]. Interfering with the signals delivered by the CD28-B7
pathway results in modulation of T helper responses [53–55,58].
Stimulation of T cells by soluble anti-CD28 antibodies enhances
virus replication [57], whereas stimulation by immobilized anti-
CD28 antibodies results in synthesis of chemokines and inhibition
of virus replication [56]. It is therefore likely that negative correlation of
IL-10 production with CD28-mediated T cell responses may have a
role in influencing T helper responses and HIV replication.

The status of low IL-10 producers and IL-10 producers with
respect to disease progression is not clear at present and could not
be distinguished by CD4þ T cell counts. Since a sequential loss of
immune responsiveness to recall antigens, alloantigens and PHA
has been suggested to be associated with disease progression
[5,24], low IL-10 producers that respond to anti-CD28 antibodies
may be in an earlier stage of infection and may eventually progress
to a more advanced stage with higher levels of IL-10 production
and associated immune unresponsiveness. The present cross-sec-
tional study of asymptomatic HIVþ individuals does not specifi-
cally address the effect of the virus load on IL-10 production and
CD28-induced proliferative responses over time. HIVþ individuals
receiving potent anti-retroviral therapy that dramatically reduces
the virus load may be the ideal subjects to study these issues.
Preliminary results indicate that up-regulation of CD28 expression
on CD8þ T cells, enhanced production of IL-2 and IL-12, and
increased proliferative responses to recall antigens and mitogens
are observed in patients receiving potent anti-retroviral therapy
[59]. Studies on the effect of IL-10 on CD28-mediated signals in T
cells may provide further insights into the immunopathogenesis of
HIV disease.
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